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SUMMARY

The anminoglycoside antibiotics streptommmycin, neonmycin, kananmycin, paroimmoimmycin,

gentamicin, imygrommmycin B, and viomycin all disturb time fidelity of time reading of poly-
ribonucleotitles in polypeptide synthesis. Timis effect is seen with all four imonmopolymmmers:

poly U, poly C, poly A, and poly I.
The extent and time spectrum of immisreadimmg vary witim time antii)iotic used antI witim

time sRNA concentration. The antibiotics also influence time incorporation of time “cor-

meet” amino aci(l: �vitim l)oly’ A they cause eitimem’ stinmumlation or inhibition of lysine incor-

l)oration, depending on the sRNA concentiation ; poly C-tlirected prohine incorporation
was stimulated at all sRNA concentrations tested ; and witim poly U-directed pimenyl-

alanine incorporation time timugs w’ere only inimil)itom’y with nmost. extracts. In all systems,
witim increasing sRNA the inimibition by time tlm’tmg of “correct.” m-eading i)ecame more

l)m’onminent, ammd the ielati�’e immisreading le�s I)romninent.
In the light of recent kimowledge of coding triplets, the effects observed suggest timat

amiminogiycosides can (a) cause miiisi-eaching of only one base at a tinme in UUU anti CCC
triplets, but of all three imm AAA or III; (b) cause mmmisreading of a base in only the

5’ and time internal position in the pynimitiine codons, l)ut in all timm’ee positions in time

punine codons; and (c) allow both transition immisreadings (purine to purine, 01’ pyrimmmi-
dine to pyniinidine) and transversiomm mism’eadings (l)urine to pyrimmmidine, or pyrimmmi-
dine to punne). Transversion misreadings would seeimm to i)e rare in pyrimnidimme-eontain-

ing polymimers.

INTRODUCTION

Finding that streptomycin (Snm)1 can

cause phenotypic suppression of aumxotro-

‘The following abbreviations are used: poly U,

polyuridylic acid; poly A, polyadenylic acid; poiy

C, polycytidylic acid; poiy I, polyinosinic acid;

poly UG, copolymer of uridylic and guamsylie

acids; poly UC, copolymner of uridylic and

cytidylic acids; poh- UA, copolymner of uridylic

and adenylic acids (ratios given are input ratios

in enzynmic synthesis of copolymers) ; sRNA.

transfer RNA: TCA. trichloroae’tic acid; Sims,

93

pimic mutations-in i)otim Sin-resistant (1)

and Sin-sensitive (2) strains of Eschem-ichia

coli, Gonini and Kat.aj a 11) concluded that

time di-ug interferes witim accurat.e transla-

tion of time RNA code into protein. Timis in-

ference was confirmmied in vitro, witim poly-

nucleotide-directed imolyimeptide syntimesis

streptomycin; dihydroSm, t:lihydrostreptonmycin;

Bins, bluensonmycin; Kiss, kanamycin; Nm,
neomuvcin B; Gni, gentanmicin; Vnm, vionmycin

Hm, hygromssycin B; Pm, tiaronsoniy(-in.
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on ribosommmes fronm Sum-sensitive cells (3).
\Vitim nil)osommmes fromim Simm-resistant cells

immisreading could not l)e tietected, although

it mimust occumr ( at a low level) in time cells

in ortlem’ to aecoumnt for l)lmenotyPic suppres-

sion IW time (mug

Ot.imer aniinoglycoside anti biotics �neo-
mnvcin B � Nimi) and kananmycin (Kmmm)

also caused misreading in vitro, but in
soimmewhmat (hifferent l)attemfls frommm that in-

duced I)y Sm (3) . In time present \vork we
imave furtimem’ stuidied time effect. of these and

several ad(litional antii)iOtics on Poiy-

l)eI)title synthesis, directed by various poly-
rii)onucleot.ides, in om’der to define time

natum’e of the nmisrea(ling mom-c closely by
relating time induced coding cimanges to time

presently known codons. In time coui’se of

timis womk, cimanges in sRNA concent.i’ation

were found to affect. mimarkedly 1)0th the
stimmmumlat.ion of imlisrea(hng anti time inimibi-

tion of “corre(t reading of poiynucleo-
tides ; time drugs eveim stimmmuhated time “cor-

reet” rea(iing umn(ler certain cim’cummmstances.

Recently Pestka, Marsimall, and Niren-
berg (4) , studying time influence of Smn on

time binding of aminoacyl-sRNA to ribo-
sommmes, F(’ache(l conclusions concem’ning time

pattem’n of misreading. and concerning the
effect of sRNA concentm’ation, consistent
�vitim those l)resente(i hmere.

M ETHODS

Cells of E. coli B wem’e imarvested in log

pimase (about 7 X 108 cells/nml; 0.75 g wet
weiglmt pen liter) frommm cultum’es grown in
miminimmial nmedium supplemimented witim 0.2%

Casamnino acids (Difco, or in tryptic digest

broth. Dialyzed, preincui)ated ci’ude ex-

tm-acts (is-30) were i)repared as described

l)meviously (5). The extracts were frozen
in small portions in acetone-dry ice and
stom’ed at -70#{176}. Extracts fronm Simm-sensitive

strains were umsed; time concentration was

determined witim the assummmption that 60

1tg ribosomes pci’ nmillilter gives an 0D2

of 1.
Polynuckot.ide-direct.ed polypeptide syn-

thmesis was carried out accom-ding to Niren-
i)erg (5), except tlmat NH.,C1 was used in

place of KCI; 0.25-imil incubation voluimmes

were umsed (except \Viiele stated) , contain-

ing 0.015 nmi of is-30 extracts. [The RNA

content of timis addition corresponded to

about 150-200 j.tg ribosomes and 20-30

1.tg sRNA, assuming that rRNA:sRNA

equals four (6) .1 Time Mg� concentration
was 12.5 immi; I)olY U was used at a final
concentration of 10 �.tg, poly C and poly A

at 15-20 �.tg, and poly I at 40 �tg per 0.25
mmml. Unless otimerwise stated, incubations

with poly U, P01Y C, anti poly I were sup-

l)lelmmeflted w’ith 50 �g sRNA ; incubations
withm l)0l�’ A were Sul)l)lelmmented with 200

1�g sRNA. Each incubation mixture con-
tamed one 14C-amino acid plus all nineteen

otimer ‘2C-anmino acids.
Incubations were carried out at 35#{176}for

30 ruin unless otherwise stated. With poly
U, poly I, and poly C, reactions were

stopped i)y adding 1 nml of 10% tnichloro-

acetic acid (TCA) . Witim poiy A reactions
were terimminated by time addition of 3 nil of

a immixture of equal parts of 0.5% sodiunm
tungstate and 10% TCA, eacim adjusted

to pH 2.0. After heating at 90#{176}for 15 nmin

(time tungstate-TCA was m’eadjusted to pH

2.0 witim 10% TCA after imeating) , the

precipitates were collected on Millipore

filters, wasimed three times with 5% TCA,

dried, and counted in a gas-flow end-
window counter. All samples counted con-

tamed at least 50 tinmes the background

count.. All experiments were rel)eated at

least once ; only amino acid incorporation

;;1 1 p�.tImmoie per incubation mixture is re-

corded. Glutammmine and aspam’agine were not

tested.

MATERIALS

Polyribonucleotides (except P01Y I) were
syntimesized with polynucleotide phos-

phorylase frommm Micrococcus lysodeikticus,

i)y a modification of time nmethod of Steiner

and Beem’s (7), from trilitimium salts of

UDP, CDP, ADP, and GDP, obtained
fm’om Schwam-z Bioresearcim. Escherichia coli

sRNA (stripped) was obtained from Gen-
eral Biocimemmmicals, and polyinosinic acid
frommm Miles Chemical Conmpany. T.Jniforinly

labeled 14C-aimmino acids wem’e obtained from

Schwarz Bioresearch and from New Eng-
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TABLE I

A�inog1ycoside antibiotics

Antibiotic

95

Structure

B

OHHO

N1

NH

1 - - -NHC NH,

N2 - -.CHO

NH

Dihydrostreptosnycin N N1 - - NBC NH,

- -CH7OH

N2 - -CH2OH

and

NH

N- -NH C NH2

R1- -OCOIIH2

N - -OCONH2

NH

it1- -USC NH2

Kanai�cin

110

CH2OI1

CH3NH

OH

Hygrosnycin B C15H30N201,)

Viosnycin C18H31.331908

Sentaaicin C17_18H34.3,1110.
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TABLE I (Continued)

Antibiotic

Neosnyctn B, C (N Nit7)

Carososnycin (it - OH)

Structure

iammd Nucleam’ Corporation . Streptommmycin
sul fate, diimydm-ost reptommivcin sulfate, vio-

ilmv(’in , and paromommiycin wem’e conmrnercial

i)m’ePam’at.ions. Kanaimmycin sulfate was pro-
vicled by Dr. �Joseph Lein of Bristol Labo-

ratories, hygroiimvciim B by Dr. R. L. Mann

of Lilly Res(’ar(hm Lai)omatories, gentamimicin
bV 1)i. i�tl. .J. \\(iflsteill of time Schem’ing

Compoi’at.ion ; an(1 mmcommmycins B and C, and

bluensommmyciim by Dr. W. T. Sokolski of time

1J)�0hmn (.1omimpammy.

�St1u(-ture of (1 lniflOglt/COSi(1C antibiotics.

1’hl(m’e are a (�onsi(Ierable Imummmmi)er Of anmino-

glycosi(le antibiotics, some half-dozen of
wliichm are in clinical umse. Timey appeam- to

have closely related or identical nmodes of

action (8-JO) , and thmis conclusion is con-
firmmmed by oui’ findiimgs on thmeim’ ability to

cause misreading iim the in vitro incor-

l)omat.ion system. Time antibiotics used are
listed in Table 1, togetimer withm theim’ struc-

tures; at. I)resent little is known of the
structures of viomimycin. hygrommmycimm B, 01’

gentanmicin, althoumgh it imas i)een estab-

hished that. they contain at least one amino
sumgar. Vionmycin (toes not appear to he as

closely m’elated to Sum as time othem’ drugs.

Timese antii)ioties am’e all stm’ongly basic

eommmpounds, containing nmumltiple anmino

gm-oup� and/om guanitlino gm-mips.

RESULTS

EFFECT OF AMINOGLYOOSIDES ON

POLYN UCLEOTIDE CODING

Polyum’idylic Acid

Spectrum of misreading. Poly U is known

to direct time incorporation of phenylal-
anine and leucine under time usual condi-

tions of polypeptide syntimesis ( 1 1 ) . In our

experinments small anmounts of isoleucine,
scm-me, and tyrosine were often also incon-

poi’ated in control experiimments without any
drug. Their incorporation is known to be
greatly increased by changes involving

Mg�� or polyamine concentration (3, 12,
13), pH (14), temperature (12, 13), oi’ the

addition of organic solvents (15).

Table 2 simows that all the aminogly-

coside antibiotics tested disturbed this sys-
teimi, mimi biting pimenylalanine incorporation

under time usual conditions. (Exceptions,
undei- otimer conditions, will be discussed
below.) In addition, all except viomycin

Vimm) immcreased time incorporation of vari-

ous aimmino acids not usually coded for by

i)olY U. Different antibiotics eximibited dif-
ferent pattem’ns of mism’eading: Sm gave
leucine, isoleucine, and tyrosine; Nm gave
less leumcine timan Sum. simnilar amounts of
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TABLE 2
A wino acid incorporation with pol!! U imt. the presence

o f aminog!ycosidesu

Amino
acid

Antibiotics,b 4 sag/mI

None Sm Km Nm urn Gm Vrn Pm
-�

Relative incorporationc

Phemmyl-
alanine

lOOd 60 70 40 50 55 22 49

Leucine 5 10 6 6 7 15 -‘
I)

Isoleucine S 30 15 37 2 55 - 25
Serine 4 20 31 48 56 lOt) - X�

Tyrosine 26 38 34 290 69 133 - X

0 Conditions as described under Methods. 1)ata

compiled from a number of experiments; 0.25 nml

incubations supplemented with sRNA.

it Antibiotics were used at a final con(-entration (If

4 �g/ml. This gives a concentration range of 6.5 �iM

for Sm to 10 �u for Gin.

C Results are expressed as percentage relative to

net phenylalanine incorporation (corrected for in-

corporation in absence of po1y 1.J), without drug.
d Incorporation of phenylalanine (100) was 501)

pjsmoles per 0.25 ml incubation
a Dash : < I /sLmole.

I X: not tested.

isoleucine, mmmore serine, and immucim mimore

tyrosine; hygroinycin (Hm) gave mostly

serine and tyrosine.

The results obtained with cem’tain other

antibiotics are not simown imere. Neoummycin

C, a stereoisommmer of Nnm, exhibited a mis-
reading spectrunm sinmilar to timat of Nmmm.

DihydroSni and bluensonmycin (Blmn)

closely resemble Snm in action as well as
in structure.

Sequence of addition. It has been pi’e�i-
ously reported (16, 17) that inhibition of

poly U-directed phenylalanine incom-pora-
tion requires timat Sm be added prior to time

messenger, and timis requirement imas beeim
considered immmportant for understanding the
mechanism of action of the drug. In all time

experiments reported here time incul)ation
mixtures were muncie up in thmis way. How-

ever, in nuimmeroums expem’inments we hmave
been unable to find any significant (IC-

pendence of eitimer inhibition or immisrea(ling

on order of addition. The sanme conclusion

has been reached by van Knippenberg
43t a!. (18t.

Copoly itiers conta ining U. \Vitim different
mixed polynmers containing U, time ammmino-

glycosides caused eitimer inhibition ou’ stim-

ulation of l)hmenylaiaflifle incorporation un-

der time usual conditions. Witim a copolymer
with a imigim proportion of U [ UC (3 : 1 ) , or

UG (3 : I ) 1� just. as I)reviously observed

�vitim 1)013’ U, time aimmiimoglycoside antibiotics
were inimihitory. Withm a lower proportion

of U F TJC ( I : 3) , om’ UA ( I : 2) 1� imowever,
the drugs (except for Viii and Hm) stim-

ulated phenylalanine incorporation with
time sanme extracts. At a sufficiently low

ratio of UUU triplets to otimer triplets, the

nmisreading of other codons to give phenyl-

alanine apparently outweighs the inhibition

of the “com’rect” reading of UUU.

Polycytidylic Acid

With l)0lY C, whmichi directs time syntimesis

of polyprohine (19) , immost of the amino-
glycosides caused varied and marked mis-

reading (Table 3) . In contrast, however, to

TABLE 3

Amino acid incorporation with poly C in the presence

of aminog!ycosides#{176}

Amino
acid

Antibiotic, 4 �ag/m1

None
-�-

Sm Km Nm urn Cm
-___________________________

Pm

Relative incorporation

Proline 1()O’ 23() 260 485 130 375 39()

Histidine I 12 225 196 76 4! X

i’hreonine 17 4! 30 171 #{182}176 X

Leucine 1 3 1 155 is 74 X
Alanine 1 4 2 5 - 2 X
Serine - 55 32 200 35 67 X

a Conditiomms as described under Methods; results
expressed as imoted in ‘I’able 2.

it Incorporation of proline (lO(P was 200 LMmoles

P�r 025 ml incubation.

time inimibition of time �comrect” incompora-

tion seen witim poly U, several of time drugs
greatly sti ummulated prohine incorporation
witim l)0lY C under the usual conditions.

Hmmm Imad only a weak stiummulatory effect,

and Vnm \S’itS usumahlv inimii)itory

Polyadenylic Acid

Poly A directs time syntimesis of only

l)olylysine in vitro (20) and requires mmiore
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sRINA thaim tue otimei’ Imoummopolynmers. Time

amninoglycoside antii)iot.ics teste(l, witim time

exception of Hum anti Vm,2 all caused mis-

m’eading of poly A (Table 4) , buit to a nmuch

T..�BLE 4

A anna ace! ins or porat ton. with /)ol// A iii the presence

of am.inog!.qco.sules”

.��I1tiI)it)tiC, I zg. 11,1

None Sm Km Nm IIn� Gm Vm Pm
Amino - - .--�----- -- -�--------�---�-�

acid Reliit vt imicorporat mu

Lysine 11)(� 3e0 1S4 351) 5(1 140 3() 300

\-‘aline �- 5 2 16 X X X X

Arginimie 2 1 7 X X X X

;�5l)11rt ii acid --- I - 7 X X X X

Glutammsic mi.titl - .. - I Ni Ni Ni X

Glvcimie -- I - 3 X Ni X X

�1 (‘omidit iomis itS described under )det to )ds ; results

expressed INS flt)te(I iii TaI)le 2.

b Incorporat it iii t f h-sine ) 101 ) ) � 25( ) j.�,.ano 1cM

jer 0.25 ml incubation.

lesser (iegm’ec tlman timat observeci with poly

U and poly C. Time tirugs that caused umis-

meading also stiummulated time incorporation

of time ‘ ‘com.u.ect.” amimino aci(i, lysine, under
time usumal comuiitions. Inlmii)ition was ob-
sem’vetl under ot her (Ofl(lit ions , lmo�vever, as

Wi I 1 be noteti I)e low.

Polyinosinic Acid

Polygumanylic acid is not readily obtain-

able, but. since copolymmmers containing I or
G simow idemmtical cotling Prol)ei’ties (21 )

PO1Y I woul(I be expected to code like poly
U. Poly I has i)eefl repom’ted t.o be inactive
as a umessengem’ ( 22) , pemimal)s i)ecause of

its tril)le-st.ran(le(l structumre ( 23) . \Ve

found, imowe�’eu’, that PolY I (li(1 stimmmulate
time incou’poratiomm of si�mall aimmounts of gly-

cine. \\Timen amuminoglycosides w’em’e a(ided,

sui)stantial amumouimts of glyciime and several

otimem’ aimmino a(-i(is w-ere incorl)om’at.e(i

( rfoabl .5) . This stinmumlation is umnlikeiy to

result from (lerammgenment of time tril)le

stran(i of l)oliV I i��’ time (Irug, as it was not
ol)sem.ve(I �vit Ii Sm i i-m’esistant m’ii)osommmes.

C This immait mvmty of Hill anti Viii \�tis (lemmmols-

stlat.e(1 by mntasum(mntnts of I otmd immism-eading,

enmploying ‘4C-lai )tl((l algal hytliolyzmtte 1)1115 an

PX(’eSM of ‘2(�-lvsirit ( unl)ui)lmslmetl)

..I mino (11-id in.
‘tABLE 5

corporation -with pa!!, I F..,. the

o,f (tlFltfl.O#{231}Jl!/COSi’leS’

presence

Amino
acid

Antibiotic, 4 �g/m1

Nonie 5,1, Km
-�-

Nm

A minonniot mneorloorlotedb

( ivcimse 17 l.#{176}-�() 235 175

Argimmimme -- 125 - 30

Tyrosimme #{149}- 4(1 5:-) 175
\�ili ie

- 11)0) :a)() 361

Serimie --- ---- .5 IS

Lvsiiie - 20 20 26

a Conditiomis as described umsder Methods.
b Result-s are expressed as /.L�Lmmmoles of amino

I1(’i(l in(-orpt)rat.ed per 0.25 mmsl in(-ubatio)n.

EFFECT OF sRNA CONCENTRATION

Poly U. Time above experimmments on spe-

cific mimisreatling were done with extracts

suml)l)lemmmented �vitim sRNA ; wimen this sup-

plemmient was ommmitted mimost extracts simowed
little diflerence in i)attel’fl, Simm still inimibit-

ing l)lmen�’laltmImimme incorl)oration witim l)O1Y
U-.1

The level of Smim-immtiuceti isoleucine jim-

com’poration was relatively imiglm, and added

sRNA caused little change in time absolute

level of ummisrea(iing (except occasionally a

snmall decm’ease) . Time samime additions, imow-

evem’, stimmmu 1ated i)imen�’l a Ianine incoi’pora-
tion ��‘itii 01’ witimout time di’ug ( Fig. A and

B) . Increasing sRNA concentm’ations timere-
fore (Iecm’easetl time relative mmmisreading (i.e.,

isoleucine conmpared with pheimylal anine )

as simown in Fig. 1C.

Other polynucleotides. The effect of
ammminoglycosides on poly A-dimected poly-

lvsiime syntimesis ��‘as also strikingly de-

pen(lent on sRNA concentm’ation an.i

range(i from stimmmulatioim to inhibit-ion. Fig-

I \\‘itli a few extracts, Sin was found to stins-

tlhttP ratlmer tlsan to inhibit poly U-directed

phenylalanine incorporation. Extracts simowing tisis

effect sisowed only a weak response to POl� L,

whi(-lm could I)e imssl)rove(1 markedly by the addi-

tion ()f sRNA. This Iltl(iitiOfl also restored the

usual inhibitory effect of Smss. The abnormal be-

Isavior of these extracts can be explained in

Part. liv assunsing a lower sRNA (.ontent 16:011

usual. Stutlies �vmt 6 nmom’t (-omnl)lete (ont mol of

sHNA t-oncentration are in progress.
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no drug

B

50 100 - 150 200 250
sRNA (��g) added /0.25m1 incubation

Fin. 1. The efject of sRNA on poiy U-directed incorporation (025 ni! incubation)

Simm at 4 jzg/ml.

(A) Phenylalanine incorporation.

(B) Isoleucine incorporation.
(C) Time effect of sRNA omm mimisreadmng ratio (msoleu(-in( incorporated in presence of drug)

(pimenvlaianine incorporated in absence of drug).

nrc 2 slmows timat the incom-poration of ivsine

was stimulated by Simm �vitim an unsup�)le-

ummented extract, as previously noted, but
ms’as inhii)ited tit Imigim concentrations of
sRNA.

Witim poly C, added sRNA itself inlmib-
ited l)moline incorpom-ation at concentm-ations

above 300 sg pem’ 0.25 mmmlimmcubation (Fig.

3); hence only a m’elatively nam-row range
of sRNA concentration was available fou’

testing. Witimin this m’ange incmeasing sRNA

caused an increase and then a deem-ease in
time stiummulatory effect of Xnm on proline
ilmcorporat.ion (Fig. 3. Similar effects were

seen witim other aminoglycosides.

Kinetics of stimulation of “cori-ect”

a into 0 acid incorpora tion. These kinetics
were stutlied to see �v1metlmer the stimulation

of “correct” incorporation, at time usual
sRNA concentm’ation, was due to extension

of time duration of synt-imesis or to an in-

cm’ease in its rate. Fig. 4 simows timat with

�rnly A amninoglycosides allowed synthesis
of polylysine for a longer period of time
without perceptibly incm’easing its rate.

However, witim polyproline synthesis, di-
i’ected by iol�’ C, Nmmm markedly increaseti
hotim rate and duration (Fig. 5).

DISt’USSIOX

Timere is st.i’ongevidence that time amino-

glycoside antibiotics act on the 30 S riho-
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FIG. 2. The effect of sILVA concentration on po!y A-directed lysiute incorporation (0.5 ml incubation)

Sm at 5 �g/m1.

some subunit (17, 24), and timis is presumu-
ably the site at wimicim tlmey disturb the
reading of time code (3) . Misreading can

also be pronmoted in vitro i)y cimanges in

cation concentration (3, 12, 13) , pH (14),
or temperature (12, 13) or by addition of

organic solvent-s ( I 5) , but it is not known
whether these factors act. on time 30 S sill)-

unit or on anotimer commiponent of time sys-

tern; an effect of organic solvents on sRNA
has been ohsem’ved (25) . It simould he noted

that aminoglycosides can produce sevem’al

times as much nmisreading as can increased

Mg�� or sperumidine concentrations. Time

two effects are, in fact, additive (unpub-

lished results).

It is known that time misreading caused

by amrminoglycoside antibiotics is not ran-

donm: they cause poly U to code for only
a few additional ammmino acids. Time present

st-U(I� \\It5 (ltu’l’ie(l out in an attenmpt to

define time basis for these specific misread-

ings. A simmmple l)tittern, if found, nmigimt simed

ligimt. on the \�‘t13T in mvhich time antibiotics

cause immisreading, and on time mmmechanisnm

of reading of time RNA code.
0Specificit y of misreadin q . Time amimino

acid incom’i)orations dii’ected i)y eacim imonmo-

I)ol�’m1mer in time Pi’esene of an anminoglyco-
side are listed in Table 6 togetimer with

timeir known codons. If we seek the mini-

immal substitutions required, we see that the
mmmisreading of poly U can be entirely ac-

counted for in ternms of triplets witim time

following clmaractei’istic: (a.) one i)ase is

mimisread; b) timat base is in time 5’-

ternminal oi’ time internal position of time

triplet ; and (c) it is misread as though U

were eitimer C (leucine, sd-me) or A (iso-

leucine, tyrosine) - however, leucine (UUA,
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0

0

S
0

V
S

0a-
0
0a-
0

C

U,
S

0
E

S

C

0

0.

300 400 500
sRNA (pg) odded/0.25mI incubation

FIG. 3. The effect of sRNA coiocent ration on poiy C-directed proline incorporation (025 ml in-

cubation)

Nm at 4 �tg/ml.

UUG) could alternatively be derived via

another single substitution, that of A or G
in the 3’-terminal position.

The results obtained with poly C can
similarly be accounted for in terms of nmis-

reading a single base in the 5’ or the

internal position. C would be mimisread as
A (histidine, threonine) , U (leucine, ser-

me), or G (alanine).

The results obtained witim poly A cannot

be interpreted so sinmply. Most of time
amino acids incom’porated would appear to
involve two base misreadings in the triplet,

and the 3’ position would appear to be in-
volved in aspartat-e and glutamate. Time

most striking aspect of this pattern is the
fu-equent appearance of G: every amino

acid would imave to involve at least one

misreading of A as G ; and, indeed, except

for vahine, and possibly aspartate, it is not
necessary to postulate any misreading of A

as a pyrimidine. It should be emphasized,
however, timat the level of immisreading ob-

served wit-h poly A is at least 10-fold lower
than timat observed with either pyrimidine

polynucleotide.

Time use of poly I as a model for poly G

has certain timeoretical objections. Poiy I

fornms a triple-stranded structure at neutral

pH (23) ; and although I is timought to pair
like G in coding, it can form only two
hydrogen bonds rather than three, which

nmay allow nmore flexibility in pairing. These

differences between G and I may be espe-
cially important under circummmstances that

pronmote errors in reading. Indeed, the
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3000
S

‘C

E

C

0

U
a

� 2000

0.

V

a
0
0.

0
C.,
C

FIG. 4. Kinetics of po!y A-directed polylysine synthesis

Samples (0.3 ml) were removed frons a 2.5-nsl incubation o-omstammimmsg 0.25 mmml is-30, 1.25 mmmg sRNA,

and 150 pg polv A. Drugs at 20 pg/nil.

aimmino tt(i(is immeol-pom-ate(I Avitim poly I l)1US
anminoglycosides imave co(lons in wimiclm G
is strikingly s�ttmse. If we assummme that
I - G in coding. ommly glycine can i)e ac-

counted fou in t(#{176}m’mmmsof a (-0(10mm containiimg

2 G’s; time know’n codoims for lysine, am-gi-

nine, valine, anti scm-inc contain at mmmost one

CI ; and timose for tyrosine commtain none.

Timus witim poly I two om’ timm’ee of time bases

of time tm’iplet are fm-equently mmmisread ; but

as noted above, timis polyimmer nmay well not

he an adequate mno(lel for studying time

immismeading of G.
Witim the pyrimmmidine imomopolymmmers time

aummimmoglycoside-induced umisreading can he
entirely accounted for in temms of connected
tu-iplets (26. 27). i.e., timose diffem’ing from

time supplied triplet by only one base (con-
imected tm-iplets am-c simow’n in boldface in

Table 6 (. Time degree of connectedness is

even gm’eater if U and C am-c considered in-

tercimangeable at time 3’-termmiiimal l)ositmon,

as has been suggested by Bernfield and

Nirenhem’g (28) : such a possible nmisieading

can be seen for evei-y amimino acid misread
witim �)oly U 01’ poly C ( italics in Table 6).

Furtimeu-mmmore, it is not necessary to invoke

any inism’eading of time 3’-position. It there-

fom’e seemmms possible timat aminoglycosides
distort the configuration of the ribosome
in a way timat affects time reading of the

5’- and time internal, IMit not time 3’-position.

\Vith time I)urine imommmopolymers, however,

no simimple pattei’n of base mmmisreading is

apl)am’ent-. It seemmms timat ammminoglycosmdes
interfere less extensively witim time reading

of i�mm’ines timalm �vitim tlmat of pyriimmidines,

since with l)Ol� A time level of Immisreading

was low commmpared witim poly U and poly

C; time level of immism’eading of G, as noted

above, cannot i)e i-eliably pmedictel.
Pestka et al. (4 (, studyimmg the l)inding

of amnmnoacyl-sR NA witim nucleotide ti’ip-

lets on rii�osommmes, have fouimd timat Sm can
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Fin. 5. Kinetic-s of poiy C-directed polypro!ine synthesis

Samples (02 ml) were removed from a 2.5 nml incubation
and 200 pg poly C. Nm at 2 pg/mi.
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containing 0.15 nsl is-30, 250 pg sRNA,

alter the recognition of botim internal and
terminal bases.

In time misreading of time 5’- and time
internal positions, not only do “transitions”

occur (reading of one pyu’imnidine for time

other), but also “transvei’sions” (reading

of A for U or C, and in one case rea(iing
of G for C) .� Nevertheless, the amiminoglyco-

sides do not cause all possible connected

codon readings. Timus, witlm poly U one does

“Transition misreadings” and “transversioms

misreadings” are analogous to the corresponding

mutagenic conversions, but no actual replace-
ment of bases is implied.

not see incom’poration of cysteine (UGU,

UGC) or valine (GUU, GUC) ; and with

poly C one sees alanine (0CC, GCU), but
not am’ginine (CGC, CGU) . This would

suggest that aimminoglycosides only rarely

effect time pyrinmidine to G transversion.

Time soimmewimat specific patterns of mis-
reading induced by various anminoglyco-

sides correlate wit.im a recently observed
specificity of suppression: certain auxo-

trophic immutammts of E. coli are suppressed
by Nm but not Knm, and otimers by Km but
not Nm (2). In this connectiomm a mutant

specifically corm-ected by Hum would be of
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TABLE 6
A iPliflO acid incorporation influenced by am,inoghlcosidesa

Ilomopolymer codon Amino acid incorporated
Level of

incorporation” Codons

IJUU Plmenvlaianine

ISOlel(cifle

Serine

Tyrosimme

Leucimie

H

I
I-H
I-H
I.�

UUIT, t�U(.

AUU, AUG

UCU, I GC, UCA, UCG, AGU, AG(

UAiJ, ( A C

CUU, (‘UC, CUA, CITG, UUA, UUG

CCC I-’roline

Histidimme

�eriue

Ilireommimie

l.eiiciiie

.�1anuie

H

H

H
I
1-11

1

CCU, CCC, CCA, (/CG

CAU, CAC
U(.U, UCC, t(�A, [(G, .1�G1J, .-�((‘

.1 CC, ACC, .-#{189}.CA,�

� CUC, (�tJA, � Ut�A, 1�1(

G(.’( �, GCC, GCA, ( ;( �(

AA.A l�ysiuc

Vi.ilimie
.\igiiiiiie

��sPartmc old, gliltalimmi icmd
(ilyciuc

11
1.�
L

I�
L

AA.�, AA(;
(:a�I;, GUC, (il.JA, (1U(�

C(.il�, (:t:;( �, ( ( ;A, ( � 4G�A�

(XU, GAG, GA4, (A(
(�G1T, (�(( , � (�G

III (ilycmiie

Valimic

Ivrusimie

.-1.rginimic

I�ysiiie

Seriiw

11
ii
H

1

L

L

(;(C, (;G.-\. (�(�(;

GIJU, (AC, (U;\, (UG
1AU, UA(’

((�[, (‘((, (‘(.\, (((

.�.\.A, �

U( 1 , I (( . (T( � IT( (�, .�(AJ, .�.( (

,� �1’uiese (Ia ta were I akeii (ii i�m Irul)in et al. (29 ) , with t he exceptuiim of t lie � ( A t riplet for arginine, which

has been (-Nj)(riI1i(�11t ally (let ernunc(1 by 11. ( . 1�ilioraima (pers uial conuni iiii(a t it iii ) . Seq ueimce in co(lulis is

5’-ternmiiial, internal, and J ‘A ermuinal. ( udomis in boldface type a re cuimmiect t�(1 t ( I ill out (( (h nis ; those in ita 1 cs

are C()liiiect(d �vitli l� and C interchanged in the 3-terminal position.
b }J, 1a rge effect ot un ig on mncorpora 1 ion ; 1, intermediate effect ; and 1�. small effect

j)�tIti(�I1lltI jilt (l(St . ItS 1 11i5 (hug 11115 l)eeI

foulmlii to a.1tei� oiml�� time intemnal tJ of a

tril)let , mIuisl(aIclmlmg poly IJ to give tyrosimme

(hJA�}) om- seImime ( ITCU) ; time lmmisI-ea(hing

\vith I)01Y � � is ��ei�y smmmahl. r#{231}0 (lUte, lmo�v-

eveI�, we Imave Imot i)(CIm tible to isolate simchm

a stlailm.

-.�. huge fmact ion of IIUXOt 1()I)hliC itilit UIit.s

am-c not detectal)ly l-�lIj)j)ICSSC(Zi by Simm, even

ill st mains ��hose ii ia)somlles (10 pemmimit slIj)-

l)1t�s51()fl ot (IthicI auxotroimimic immutatiomms.�
Yet 1)0th (laSs(,S of mimutaimts pleslmum-

ably �II15(� i)’� � )Oilmt mimutation ( in \vlmicim a

CO( I#{252}mmi s (�)fl \�(�( (( I I 0 a conimec t e(1 COi loIm )

i’lmis -t1(ct i\it� Of slmI)l)messiolm l1� VitO 15

timemefome il-I lmallmIOlmy \vmtim timt� j)1’CsCImt fiimd-

jug, that ammlifloglyeOsiile-ilm(llICe(1 ItmmsI.ead-

jug in vitro is lii iii ted to ommly s()mmme I1i(�1U-

I.. (iormni 1111(1 1.. 1�ataja. lmflpull)llslnd.

I)(�IS of t ime tot l�t 1 S(�t cit COflimeCt.(�d triplets.

The effects Of �J�’�4 concentration. W -�itim

1)0lY A, Simm has i)eeIm iepomted botim to
immimibit ( 18) ammcl to st.immmuiate lysine

ilmcol-j)om-ation . In t lie j)m(�seImt womk time

1tiimiImOg1yCoSi(k� weme seelm to stinmulate timis

incom-polatiomm lit time SRINA coneeimtmatioims

omdmnammly use(I in iitio. but. to immimibit it at

higlmcr sRNA coimcemmtmat.iomms. V�,itlm PolY C
time (1llmgs 11l5() stiIlil.llate(I t-imfi� comiect.’’

iimcom-pom-ation ( j)lOliflC ( . 1)Ut time possible
simnilam ommset of iflhiil)it.iOIi at higii sRINA.

coimcemmtmatioims (�)Ul(I Imot i)e tested because

time 1t(iditioli of �RNA �ti)ove 300 �g I)e1’

incul)atiomm \%�lts itself inhibitory. Witim poly

U, wimile time ihugs exerted ommly an inhihi-

t()l)� efleCt 0mm 1)1I(11Yl1tl�1tmi1me incom-pom-ation

?J. Gruimlamg-?danago. I)(l�onal .ommmmiulmnl-

cation.
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with mmmost extracts, Sum was stimulatoi-y
witim certain extracts wimose protein-syn-

thesi zimmg activity ��‘as low.3
When aminoglycoside stimulation of

correct” incorporation was studied kinet-

icaily, pm-olongation of time 1)emiod of linear

incorporation was observed witim botim poly
A and poiy C. This finding suggests timat

the anminoglycosides mmmay retard messenger

decay ( Perhaps by mimaintaining time flu-

ciease-m-esistant polyribosommme complex for

a longer time) , or may allow release of

“stuck” polypeptide cimains, leading to
further rounds of synthesis. With poly C,

the dmug also increased time rate of pmoline
incorporation.

This effect on rate of ineorpou-atmon immiglmt.

be due to degeneracy of the code, wimicim
would allow the use, by immisreading, of an

altermmative sl)ecies of sRNA for time sammme
amimino acid. In addition, distortion of time

mnesseumger-sRNA interact-ion by time drug

migimt allow a less precise fit. of the “cor-

rect” sRNA, and imence an increased fre-

quency of effective “hits” witim the ribo-

somime. Tim is kinetic efiect , however, would

not appear to explain time observation that
ammminoglycosides increase time binding of

lysyl-sRNA to ribosommies in time preselmc(’
of poly A or of ApApA (4).

Wimile the attachnment of different- species

of sRNA to the rihosommie COui(l have addi-

tive kinetics at low sRNA concentratiomms,

itt higher concentrations commmpetitive kinet-

ics would be expected, akin to commmpetm-

tive inimibition of an enzvnme by analogs of

time sul)strate. Time ribosoummes would pre-

sumably approacim saturation, and the

reading by “incorrect” sRNA’s would occuu’

at time expense of the ‘ ‘correct” reading. It
is therefore possible to understand how a
drug thmat stimmmulates time “correct” ammmimmo
acid incorporation witim an unsupplemented

extract can become inhihitom-y at imigheu
sRNA concentrations (see Fig. 2) - Indeed,

further support for coummpetition is provided
by evidence that mnimibition of “correct”

reading and stinmulation of “incorrect”

reading result frommi the same interaction

of drug and ribosoimme: time poly U system
shows a different pattern of response to

changes in concentration of three drugs

(Snm, Nmmm, and Hm) , and in time ciiai’acter-
isti( concentration range of t’mtcim (lmug the

inhibition of pimenylalanmne incorporation
parallels the stimulation of serine or iso-

heucine mcom’poration (to be pubhishmed).

Marked effects of sRNA concentration,

also interpreted in ternis of commmpetition,
have i)een reported for nmisreading induced

by cimanges in pH and in Mg� (14) con-

centration, and by streptomimycin (4) . The

latter work demmionstrat-ed that at low con-

centrations of mixed aminoacyl-sRNA’s, in

the presence of poly U, isoieucyl-sRNA
would bind efficiently to rihosonmes, but at

imigher concentrations time isoleucyl-sRNA
was displaced. Furtimerimmore, Sm prevented

t.lmis displacemmient. It is a�)parent, fronm the
results presented here, that witim increasing

sRNA concentration time inhibition by the
drug increases, while time i-dative nmisread-

ing decreases. It therefore seems immiportant
to note that even the highest levels of
sRNA used imere would be considerably

lower timan those found in time cell (6).

Hence time levels of misreading seen thus
far in vitro probably exaggerate those oc-

curring in time cell. The early and irre-

versih)le inimihition of protein synthesis in

time st reptommmycin-t.reated cell mmmay repre-
sent an extrapolation (to higim sRNA con-

centration) of time inhibition seen in vitro

(whatever the nmechanismims mesponsible) om�

nmav i nvolve additional mnechmanisumms.
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